Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are activated by membrane hyperpolarization that creates time-dependent, inward rectifying currents, gated by the movement of the intrinsic voltage sensor S4. However, inward rectification of the HCN currents is not only observed in the time-dependent HCN currents, but also in the instantaneous HCN tail currents. Inward rectification can also be seen in mutant HCN channels that have mainly time-independent currents (5). In the present study, we show that intracellular Mg 2ϩ functions as a voltagedependent blocker of HCN channels, acting to reduce the outward currents. The affinity of HCN channels for Mg 2ϩ is in the physiological range, with Mg 2ϩ binding with an IC50 of 0.53 mM in HCN2 channels and 0.82 mM in HCN1 channels at ϩ50 mV. The effective electrical distance for the Mg 2ϩ binding site was found to be 0.19 for HCN1 channels, suggesting that the binding site is in the pore. Removing a cysteine in the selectivity filter of HCN1 channels reduced the affinity for Mg 2ϩ , suggesting that this residue forms part of the binding site deep within the pore. Our results suggest that Mg 2ϩ acts as a voltage-dependent pore blocker and, therefore, reduces outward currents through HCN channels. The pore-blocking action of Mg 2ϩ may play an important physiological role, especially for the slowly gating HCN2 and HCN4 channels. Mg 2ϩ could potentially block outward hyperpolarizing HCN currents at the plateau of action potentials, thus preventing a premature termination of the action potential. inward rectifying; hyperpolarization-activated current; instantaneous currents; divalent block; cysteine; hyperpolarization-activated cyclic nucleotide RHYTHMIC ACTIVITY OF PACEMAKER cells in the heart and thalamic neurons in the brain are dependent on the inward I h current through hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (29, 36) . Following an action potential in pacemaker cells, I h contributes to the currents that slowly depolarize the membrane potential to threshold, thereby initiating another action potential (7). Four mammalian HCN channels have been cloned: HCN1-HCN4 (11, 21, 35) . The deletion of HCN channels, or the presence of naturally occurring mutations in HCN channels, has been shown to have significant physiological consequences (20, 25, 37, 40) . HCN2 knockout mice, for example, showed spontaneous absence seizures and cardiac sinus dysrhythmia (20) .
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HCN channels are members of the superfamily of voltagegated ion channels, possessing features such as a tetrameric structure, with each subunit containing six transmembrane domains (S1-S6) (29, 36) . In addition, HCN channels have a pore domain that shows conservation with voltage-gated potassium (Kv) channels, including a GYG signature motif in the selectivity filter, even though HCN channels are only modestly more selective (3:1) for K ϩ over Na ϩ (11, 21) . Similar to Kv channels, HCN channels have an intracellular gate at the base of S6 that prevents access of ions to the pore (32, 33) . Both Kv and HCN channels have a positively charged S4 domain that acts as the voltage sensor, controlling the opening and closing of the gate in response to membrane voltage (3, 23, 38, 41) . Despite the conservation of S4 movement between HCN and Kv channels, the outward S4 movement in response to depolarization has opposite effects in the two types of channels. Depolarization opens the gate of Kv channels but closes the gate of HCN channels (17, 23) . This inverse S4-to-the-gate coupling, when compared with Kv channels, and the relative nonselective cation permeability of HCN channels allow HCN channels to mediate a hyperpolarization-activated, depolarizing inward current that contributes to a variety of physiological functions in the body (2, 29) .
The hyperpolarization-activation of HCN channels conferred by the S4 movement generates time-dependent, inward rectifying currents through HCN channels. However, during two-electrode recordings of HCN channels (4), we noticed that the instantaneous currents in these channels were also inwardly rectifying. For example, in response to voltage protocols designed to measure the instantaneous tail currents at different voltages following an activation prepulse to Ϫ120 mV, the inward instantaneous currents were at least twice as large as the outward instantaneous currents for similarly sized, but opposite, driving forces. In addition, mutations in the S4-S5 loop and S6 that removed the time dependence of the HCN currents, presumably by locking HCN channels in the open state, still displayed time-independent, inward rectifying currents (5) . Using excised patches containing well-expressing mammalian HCN1 and HCN2 channels (the other two mammalian HCN channels, HCN3 and HCN4, did not express well enough for experiments of excised patches), we tested whether an intracellular blocking agent is responsible for this rectification or whether this rectification is due to an intrinsic voltage-gating property of HCN channels. On the basis of the following data, we suggest that intracellular magnesium binds in the pore of HCN channels in a voltage-dependent manner, thereby generating inwardly rectifying instantaneous HCN currents.
MATERIALS AND METHODS
Molecular biology. The mouse HCN1 and HCN2 channels were used in the present study. The HCN1 channels had the COOH terminus deleted and a small region in the NH 2 terminus deleted that maximize the expression in oocytes (42) . Most experiments were done on this well-expressing HCN1 channel. However, we also conducted some parallel experiments on HCN2 channels to show that the effects of Mg 2ϩ are also present in other mammalian HCN subtypes. The HCN2 channel had guanine-cytosine-rich domains in the NH2 terminus deleted to facilitate the use of molecular biology techniques on the HCN2 DNA (5). Site-directed mutagenesis was performed on HCN1 channels to create mutations C347S, C347G, and C347A using the QuikChange Kit (Stratagene). The mutation C347T in HCN1 was a generous gift from Dr. Steven Siegelbaum (Columbia University). The mutation R318Q/Y331S in HCN2 was a generous gift from Dr. Michael Sanguinetti (University of Utah). The HCN1 DNA was linearized with Nhe1, and the HCN2 DNA was linearized with EcoR1. RNA was synthesized in vitro using the T7 mMessage mMachine kit (Biocrest). RNA was injected (50 nl of 0.1-1 ng/nl) into Xenopus oocytes, and experiments were performed 2 to 7 days after injection. Extraction of oocytes from Xenopus laevis were conducted in accordance with the American Physiological Society Guiding Principles in the Care and Use of Animals, and protocols were approved by the Institutional Animal Care and Use Committee of Oregon Health and Science University.
Electrophysiology. The macropatch currents were measured with the patch-clamp technique using an Axopatch 200B amplifier (Axon Instruments). The pipette solution consisted of a 100 K solution (in mM): 100 KCl, 1.5 MgCl 2, and 10 HEPES (pH ϭ 7.1). In addition, 1 mM BaCl2, 100 M LaCl3, and 100 M gadolinium were added to the pipette solution to block endogenous currents including voltagedependent potassium currents, hyperpolarization-activated chloride currents, and calcium-activated chloride currents. The patch pipettes had a resistance of around 1 M⍀. Capacitance compensation was done off-line using subtraction (p/n) protocols with capacitive currents from voltage steps that did not significantly activate HCN channels. The bath solution consisted of a 100 K internal solution (in mM): 100 KCl, 5 NaCl 1 EGTA, 10 HEPES, 1 EDTA, and 100 M cAMP (pH ϭ 7.1). A separate solution without EDTA was used for the application of MgCl 2 to the cytosolic face of the patches. This solution consisted of (in mM): 100 KCl, 5 NaCl, 1 EGTA, and 10 HEPES (pH ϭ 7.1). To this solution, we added ascending concentrations of MgCl 2, including 0.25 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, and 20 mM. cAMP (100 M) was also added to saturate the cAMP-binding site in the HCN channels. An EVH-9 perfusion system (BioLogic Science Instruments) was used to rapidly alternate between the different MgCl 2 concentrations applied to the cytosolic side of excised patches. The rapid perfusion system allowed for a complete doseresponse experiment to be conducted in less than 40 s, thereby minimizing effects of the rundown of ionic currents seen in excised HCN channels. In addition, the patch was always returned to the original solution at the end of the experiments to measure the amount of rundown during the experiment. Patches with any significant amount of rundown during the experiments were discarded from the analysis. To chelate Mg 2ϩ in whole oocytes, we pressure injected 50 nl of 100 mM EDTA in oocytes using a nanoinjector (Nanoject, Drummond). Based on an estimate of the oocyte volume of 500 nl, the final (after internal diffusion) concentration of EDTA in the cytosol of the oocyte would be close to 10 mM. All experiments were conducted at room temperature. Figure 1 shows the currents from HCN1 channels recorded in the cell-attached mode from Xenopus oocytes with a 100 mM K solution in the pipette. The HCN currents exhibit the characteristic hyperpolarization-activated, time-dependent currents caused by HCN channel opening in response to negative voltage steps and the time-dependent closing in response to a depolarizing voltage step (Fig. 1A) . A closer inspection of the currents, however, revealed that the amplitude of the outward currents was smaller than expected. The outward tail currents at ϩ50 mV were not proportional to the inward currents, when normalized to the driving force at the different voltage steps (Fig. 1, A and B) . For example, a voltage step to Ϫ130 mV caused a Ϫ135 pA of inward currents, but the subsequent tail currents at ϩ50 mV was only 20 pA [instead of the expected 51 pA (ϭ 50 mV/130 mV⅐135 pA) of tail currents in a 100 K external solution; Fig. 1B ]. The smaller than expected tail currents suggest that there is some inward rectification of the instantaneous currents in HCN channels. To further visualize the inward rectification, we stepped to a negative potential (Ϫ130 mV) to open all HCN channels, followed by voltage steps to various potentials to record both outward and inward instantaneous currents (Fig. 1 , C and D). Inward rectification is clearly evident in the plots of the instantaneous HCN1 current amplitude against voltage (Fig. 1E ). HCN2 channels exhibited a similar inward rectification in the instantaneous currents (Fig. 1F ).
RESULTS

Instantaneous rectification is not due to an intrinsic voltagedependent process.
To test whether this inward rectification is due to an intracellular factor in the oocytes, we measured HCN1 and HCN2 currents in cell-free, excised patches. Upon excision of HCN1 and HCN2 patches into a 100 K internal solution (100 KCl, 5 NaCl 1 EGTA, 10 HEPES, 1 EDTA, and 100 M cAMP, pH ϭ 7.1), the size of the tail currents increased approximately twofold: 122 Ϯ 24% (n ϭ 5; Fig. 2, A and B) in HCN1 channels and 148 Ϯ 63% (n ϭ 6) in HCN2 channels (Fig. 2, C  and D) . The increase in tail currents was not accompanied by any measurable increase in the inward currents (insets, Fig. 2,  A-D) . The instantaneous currents in excised patches had a linear current versus voltage (I/V) in this intracellular solution and lacked the inward rectification found in cell-attached patches (Fig. 2, E and F) , suggesting that an intracellular agent is responsible for the inward rectification in intact oocytes. To further test whether an intracellular agent within the oocyte was responsible for the observed changes in tail amplitudes upon excision, we returned the excised patch back into the intracellular environment within the oocyte by using patch cramming (i.e., forcing the patch into the oocyte cytosol thereby exposing the intracellular side of the membrane again to the oocyte cytosol) (16) . Upon patch cramming, the outward Fig. 2 . HCN1 and HCN2 tail currents increase in amplitude after excision. A and B: close-ups of HCN1 tail currents in cell-attached (A) and excised (B) patches elicited by voltage steps from Ϫ30 mV to Ϫ140 mV (in Ϫ10-mV increments), followed by a step to ϩ50 for tail currents. Currents during the hyperpolarized voltage pulses are shown in insets. Holding potential ϭ 0 mV. C and D: close-ups of HCN2 tail currents in cell-attached (C) and excised (D) patches elicited by the same protocol as in A. Currents during the hyperpolarized voltage pulses are shown in insets. E: HCN2 currents in an excised patch in response to a Ϫ120-mV activation prepulse followed by voltage steps from ϩ50 mV to Ϫ115 mV (in Ϫ15-mV increments). F: plot of current versus voltage for HCN2 tail currents (measured at the arrow in E) after patch excision. The I/V plot was fit with a straight line.
tail currents returned immediately to their smaller size (Fig. 3 , C and D) without significantly altering the inward currents (see insets, Fig. 3 ), and the instantaneous currents once again became inwardly rectifying. The linear instantaneous I/V in excised patches suggests that it is not an intrinsic voltagedependent process in HCN channels that causes the inward rectification in the instantaneous currents, but that an intracellular agent is responsible for the reduction in amplitude of the outward currents.
Intracellular Mg 2ϩ blocks HCN currents at physiological concentrations. We next tested different cytosolic agents that could potentially cause the inward rectification of the instantaneous currents in HCN channels. In inward rectifying K ϩ channels, it has been shown that the inward rectification is mainly due to a voltage-dependent block by intracellular Mg 2ϩ and polyamines, such as spermidine and spermine (18, 24) . HCN channels play an important role as pacemaker channels in cardiac myocytes, such as in the sinoatrial node. The cytosol of cardiac myocytes contains approximate 1 mM free Mg 2ϩ and 10 M free polyamines, such as spermidine and spermine (45) . We therefore tested the effect of applying physiological concentrations of Mg 2ϩ , spermidine, and spermine to the cytosolic side of excised patches to determine whether Mg 2ϩ and polyamines block the outward currents through HCN channels (Fig. 4) . Both the application of 10 M spermine and the application of 10 M spermidine blocked the outward currents through HCN1 channels. Spermine (10 M) blocked the currents at ϩ50 mV by 9 Ϯ 3.6% (n ϭ 3), and 10 M spermidine . The approximately Ϫ10-mV shift seen between the cell-attached patch and the patch reinserted back into the Xenopus oocyte is most likely due to degradation of some of the membrane-bound phosphatidylinositol 4,5-bisphosphate, which has been shown to shift the voltage dependence of HCN channels by Ͼ20 mV (26, 47) . Fig. 4 . Physiological concentrations of intracellular magnesium block HCN outward current more than spermine or spermidine. A: HCN currents elicited by a Ϫ130-mV step from a holding potential of 0 mV, followed by a step to ϩ50 mV for tail currents, during perfusion of control solutions, 10 M spermidine, 10 M spermine, and 1 mM Mg 2ϩ . B: enlargement of the tail currents showing the four sweeps where control solution, 10 M spermidine, 10 M spermine, and 1 mM Mg 2ϩ were applied. Between every trace where a potential blocker was applied, an application of 100 K control solution was applied (data not shown). C: a quantitative summary of the %fraction of tail current blocked for Mg 2ϩ , spermine, and spermidine. The block by spermine and spermidine was significantly less than the block by Mg 2ϩ (P Ͻ 0.01, paired t-test). D: average HCN2 tail currents following an activation step to Ϫ130 mV, in cell-attached mode (■), excised in EDTA solution (E), and patch crammed into an oocyte injected with 50 nl of 100 mM EDTA (OE). Norm, normalized; i-o, inside out.
blocked the currents at ϩ50 mV by 16.3 Ϯ 4.0% (n ϭ 3). However, the application of 1 mM Mg 2ϩ blocked the currents at ϩ50 mV by 38.3 Ϯ 7.2% (n ϭ 3) in HCN1 channels (Fig.  4, B and C) , while not significantly decreasing the inward currents during the step to Ϫ130 mV (Fig. 4A) . That physiological concentrations of Mg 2ϩ had the most potent block of the outward instantaneous currents suggests that it is mainly Mg 2ϩ that causes inward rectification of the instantaneous HCN currents in intact cells.
To further test whether intracellular Mg 2ϩ causes the rectification of HCN currents, we crammed patches containing HCN2 channels into oocytes that had been injected with high concentrations of EDTA to chelate intracellular Mg 2ϩ . As shown in Fig. 3 for HCN1 channels, excising a patch into a solution containing EDTA increased the HCN2 tail currents at depolarized voltages and removed the rectification of the HCN2 channel currents (Fig. 4D, squares to circles) . Patch cramming an excised patch from a bath solution containing EDTA into control oocytes reduced the currents and returned the currents in the patch-crammed mode to the levels of the currents measured in cell-attached mode (n ϭ 3). In contrast, patch cramming an excised patch into oocytes that had been injected with EDTA reduced the HCN2 channel currents by only 8 Ϯ 15% (n ϭ 3). The currents in the patch-crammed mode were 214 Ϯ 65% larger than the currents measured in cell-attached mode (n ϭ 3; Fig. 4D ). The effect of intracellular EDTA suggests that the rectification of HCN channel currents in intact cells is mainly due to intracellular Mg 2ϩ . The small, remaining reduction in the tail currents, when cramming a patch into an oocytes injected with EDTA, is most likely due to the block by intracellular polyamines, such as spermidine and spermine (Fig. 4B) . Fig. 5, A and B) . The amplitudes of the inward currents (at Ϫ150 mV) were also reduced for the highest concentrations of Mg 2ϩ (10 and 20 mM; Fig. 5A ). The dose-response curve was well fit with a Michaelis-Menton curve with a Hill coefficient of 1.11 Ϯ 0.04 (n ϭ 3). The IC 50 was 0.82 Ϯ 0.27 mM at ϩ50 mV (n ϭ 3) for HCN1 channels (Fig. 5C) , and the IC 50 was 0.53 Ϯ 0.12 mM (n ϭ 3) at ϩ50 mV for HCN2 channels (Fig. 5D) .
The rectification induced by intracellular Mg 2ϩ ( Fig. 1 (Fig. 6) . The affinity for Mg 2ϩ was clearly voltage dependent: the IC 50 was 0.81 Ϯ 0.23 mM (n ϭ 3) at ϩ80 mV and 1.8 Ϯ 0.1 mM (n ϭ 3) at ϩ20 mV (P Ͻ 0.05; Fig. 6A ). The Mg 2ϩ affinity versus voltage was fit to the Woodhull equation (44), K 1/2 (V) ϭ K 1/2 (0 mV) exp(Ϫ␦zV/kT). The electrical distance (␦) was found to be 0.19 Ϯ 0.06 (n ϭ 3) and the Mg 2ϩ affinity at 0 mV, K 1/2 (0 mV), was found to be 2.3 Ϯ 0.47 mM (n ϭ 3) (Fig. 6B) . The K 1/2 (0 mV) and the relatively shallow voltage dependence for Mg 2ϩ block (␦ ϭ 0.19) are consistent with the amount of block of the inward currents at Ϫ150 mV seen at higher concentrations of Mg 2ϩ (Fig. 5A) . The voltage dependence of the affinity is consistent with Mg 2ϩ blocking HCN channels in a voltagedependent manner.
The effect of a pore mutation suggests that Mg 2ϩ binds to the selectivity filter. The voltage dependence of Mg 2ϩ block could be explained by Mg 2ϩ binding to a site in the pore of the HCN channels. Divalent ions have been shown to block currents in other channels by binding to sites in or near the selectivity filter in the pore. For example, in the KcsA channels, it has been shown by X-ray crystallography that Ba 2ϩ binds to a binding site just below the GYG motif in the selectivity filter (14) . In HCN channels, Cd 2ϩ has been shown to bind to a cysteine (C347 in HCN1) located two amino acids before the GYG (31). In the KcsA crystal structure, the four homologous residues to this cysteine, one from each subunit, are very close together in space and could easily form an ion-binding site (Fig. 9) . In contrast, the acidic residue in S6 that has been identified to bind Mg 2ϩ in inward rectifying K (K ir ) channels (19, 43) is not conserved in HCN channels. We therefore tested whether mutations of C347 would affect Mg 2ϩ binding to HCN channels.
The mutations C347S and C347T in the HCN1 channel were still susceptible to block by intracellular Mg 2ϩ (Fig. 7) . However, the Mg 2ϩ affinities of the C347S and C347T channels Fig. 7 . The mutants C347S and C347T altered the magnesium affinity in HCN1 channels. Dose-response curve at ϩ50 mV for a representative patch with wild-type HCN1 channels (■), C347S HCN1 channels (E), and C347S HCN1 channels (OE) measured as in Fig. 5 . The data were fitted with the Michaelis-Menton equation (gray line for C347S, black lines for wild type and 347T). were reduced significantly to an IC 50 ϭ 2.8 Ϯ 0.3 mM (n ϭ 3, P Ͻ 0.01) and an IC 50 ϭ 3.9 Ϯ 1.0 mM (n ϭ 3, P Ͻ 0.01) at ϩ50 mV, respectively. Mutating C347 to a more radically different residue, such as to small hydrophobic alanine or glycine residues, to further test whether residue 347 contributes to the Mg 2ϩ binding site, resulted in nonfunctional channels. However, the change in affinity with the serine and threonine substitutions at C347 is consistent with our hypothesis that C347 is part of the Mg 2ϩ binding site, deep within the pore domain.
Magnesium causes inward rectification in a permanently open HCN channel. In a previous study, the double mutation R318Q/Y331S in HCN2 channels was shown to generate ionic currents with no time-dependent component in response to hyperpolarized or depolarized voltage steps (5). Since these channels did not display any time dependence in their currents in response to hyperpolarizations or depolarizations, the mutant channel was assumed to be in a permanently open state. The authors suggested that mutation R318Q in S4 prevents S4 from moving, whereas mutation Y331S in the S4-S5 loop decouples S4 from the gate, thereby creating a permanently open channel. However, HCN2 R318Q/Y331S channels still exhibit inward rectifying currents, with larger inward currents than outward currents (Fig. 8A) . The currents from HCN2 R318Q/Y331S channels look very similar to the inward rectifying currents through K ir channels. We tested whether this inward rectification was mainly due to intracellular Mg 2ϩ block of the outward currents. Upon patch excision, the outward currents exhibit less rectification, and the current/voltage relationship becomes almost linear through all negative and positive potentials (Fig. 8, B and D) , reminiscent of the increase in tail amplitudes seen for wild-type HCN1 and HCN2 channels after patch excision. We attribute the remaining rectification in R318Q/Y331S channels to a small time-dependent voltage activation gated by S4 movement. Application of 1 mM Mg 2ϩ was able to restore inward rectification to the currents from R318Q/Y331S channels in excised patches (Fig.  8, C and D) . This ability of Mg 2ϩ to block the outward currents even in a permanently open HCN channel further suggests that Mg 2ϩ acts as an extrinsic inward rectifier for outward currents in HCN channels.
DISCUSSION
Using cell-attached and excised patches with HCN1 and HCN2 channels, we have here shown that HCN channels are susceptible to an "extrinsic" rectification in which intracellular Mg 2ϩ blocks the outward currents of HCN channels at positive potentials. Mg 2ϩ blocks these outward currents significantly at physiological concentrations with an IC 50 of 0.53 mM for HCN2 channels and 0.81 mM for HCN1 channels at ϩ50 mV. The concentration of free, unbound Mg 2ϩ has been estimated to be between 0.5 and 1.5 mM in the intracellular environment of mammalian cells (1, 6, 13, 15, 30) , suggesting that the Mg 2ϩ block of HCN channels is physiological. Lyashchenko and Tibbs (22) recently (in an article that was published during the final preparation of our manuscript) concluded that intracellular Mg 2ϩ blocks outward HCN currents in symmetrical K solutions, as well as in more physiological solutions (22) . Similar to Lyashchenko and Tibbs (22), we find that polyamines, at physiological concentrations, contribute less than (39) and, in KcsA, Ba 2ϩ binds to the selectivity filter with a ␦-value of 0.3 (14) . Our mutagenesis of a conserved cysteine located two residues intracellular to the GYG selectivity sequence supports this location for the Mg 2ϩ binding site in HCN channels. We showed that mutations of this cysteine altered the affinity of the binding site, suggesting that this cysteine forms part of the binding site. The four cysteines, one from each subunit, form a ring of cysteines at the cytosolic entrance to the selectivity filter (12) and can easily be envisioned to create a binding site for divalent cations (Fig. 9) . This cysteine is homologous to a residue in SK channels that has been shown to bind divalent ions in a voltage dependent manner in SK channels (39) . In addition, Vincent Torre's group showed that the same cysteine binds Cd 2ϩ in HCN1 channels and that these cysteines can spontaneously crosslink with disulfide bonds, suggesting that these four cysteines are located close together (31) . Individual sulfur atoms are assumed to bind Mg 2ϩ poorly (9) . However, four symmetrical located cysteines close together at the entrance to the selectivity filter in HCN channels might form a low-affinity divalent binding site, especially if one or more of the four cysteines would be deprotonated and, thereby, negatively charged. Mutating C347 to a serine or a threonine did change the affinity for Mg 2ϩ binding, but did not change binding affinity drastically. However, serine and threonine have hydroxyl side chains that could also create a good binding environment for the Mg 2ϩ . We were unable to mutate C347 to a more radically different residue, such as a small hydrophobic alanine or glycine residues, to further test whether C347 contributes to the Mg 2ϩ binding site. However, the changes in affinity with the serine substitution are consistent with our hypothesis that C347 is part of the Mg 2ϩ binding site, deep within the pore domain. The C347 residues are located at the COOH-terminal end of the pore helices, which have electrical dipoles associated with them that have been suggested to stabilize cations in the pore (34) . These electrical dipoles point their negative poles towards the C347 residues and may also contribute to the binding affinity for Mg 2ϩ at this site (Fig. 9 ). Other residues in the pore cavity might also participate in the coordination of the Mg 2ϩ . It is also possible that mutations of C347 may indirectly affect the binding of Mg 2ϩ and that the Mg 2ϩ binding site is located, for example, deeper in the selectivity filter.
The voltage-dependent Mg 2ϩ block described in the present study for HCN channels creates an extrinsic inward rectification of the instantaneous HCN currents. This is most clearly seen in the Mg 2ϩ block of the currents through permanently lock-open HCN channels, which gives rise to currents similar to those through inward rectifying K ir channels. K ir channel gating properties rely mainly on the voltage-dependent block by intracellular Mg 2ϩ and polyamines (17a). However, HCN channels also possess a major "intrinsic" gating mechanism in the form of the S4 voltage sensor, which acts to open and close an intracellular activation gate of HCN channels in response to voltage (23) . This voltage-dependent opening and closing of the activation gate is generally assumed to constitute the major voltage-dependent gating mechanism in HCN channels, underlying, for example, the physiological role of HCN channels in pacemaker cells. However, HCN channels exhibit a nonnegligible instantaneous current (27) , suggested to be contributed by a subpopulation of HCN channels that are constitutively open and do not close in response to depolarizations (28) . This "instantaneous" current, or leak current, through HCN channels, has been proposed to be physiologically important by, for example, increasing the rate of repolarization of plateau action potentials in the heart (28). The voltage-dependent Mg 2ϩ block described here for HCN channels creates an extrinsic inward rectification of these instantaneous currents and could prevent too much outward K ϩ flow during plateau action potentials that could otherwise prematurely terminate the action potential by this hyperpolarizing K ϩ current. In addition, some of the members in the HCN channel family have very slow kinetics. For example, HCN4 channels open and close with time constants in the range of seconds (36) . These channels would not have time to all close during a depolarizing action potential. For these slower HCN channels, the Mg 2ϩ block might be a faster, secondary voltage-dependent gating mechanism to reduce outward currents through HCN channels at depolarized potentials. Therefore, the Mg 2ϩ block in HCN channels might be a mechanism to reduce unwanted outward currents through open HCN channels at prolonged depolarized potentials, such as plateau action potentials.
